For the first time a detailed structural model has been determined which shows how the lone-pairs of electrons are arranged relative to each other in a glass network containing lone-pair cations. High energy x-ray and neutron diffraction patterns of a very high lead content silicate glass (80PbO.20SiO 2 ) have been used to build three-dimensional models using empirical potential structure refinement. Coordination number and bond angle distributions reveal structural similarity to crystalline Pb 11 Si 3 O 17 and α-and β-PbO, and therefore strong evidence for a plumbite glass network built from pyramidal [PbO m ] polyhedra (m~3-4), with stereochemically active lone-pairs, although with greater disorder in the first coordination shell of lead compared to the first coordination shell of silicon. The oxygen atoms are coordinated predominantly to four cations. Explicit introduction of lone-pair entities into some models leads to modification of the local Pb environment, whilst still allowing for reproduction of the measured diffraction patterns, thus demonstrating the non-uniqueness of the solutions. Nonetheless, the models share many features with crystalline Pb 11 Si 3 O 17 , including the O-Pb-O bond angle distribution, which is more highly structured than reported for lower Pb content glasses using reverse Monte Carlo techniques. The lone-pair separation of 2.85 Å in the model glasses compares favourably with that estimated in α-PbO as 2.88 Å, and these lone-pairs organise to create voids in the glass, just as they create channels in Pb 11 Si 3 O 17 and interlayer spaces in the PbO polymorphs. † Electronic supplementary information (ESI) available: Full experimental details: X-ray diffraction; Neutron diffraction; EDX measurements. Total scattering formalism. Neutron and x-ray diffraction from a vitreous SiO 2 standard. Additional EPSR modelling results: Partial pair interference functions; Low Q neutron and x-ray distinct scattering functions; coordination number histograms; Oxygen speciation within Pb 11 Si 3 O 17 . Linking the silicate Q n speciation to the fraction of plumbite oxygen. X-ray differential correlation function.
Lone-Pair Distribution and Plumbite Network
Formation in High Lead Silicate Glass, 80PbO.20SiO 2 †
Introduction
A clear picture of the role of lone-pairs (LPs) of electrons in a glass is important for an understanding of non-linear optical (NLO) properties, 1-2 and their location in the network is of interest from a fundamental structural point of view. 3 However, the location of LPs in a structure cannot be measured directly, but has to be derived indirectly from other structural information. Therefore it is necessary to build up a comprehensive model of the structure of a material in order to infer the location of the LPs, and this is what we have done for a lead silicate glass with an extremely high lead content.
The results from numerous studies (using diffraction, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Pb L III edge EXAFS, [16] [17] [18] ESR, 19 29 Si MAS NMR, 14, 20-23 207 Pb NMR, 16, 22, [24] [25] XPS, [26] [27] [28] [29] vibrational spectroscopy 23, [30] [31] [32] [33] [34] and molecular dynamics 18, [35] [36] [37] [38] [39] [40] [41] ) show that most, if not all, Pb 2+ cations in lead silicate glasses exist in environments similar to those found in the known crystalline silicates [42] [43] [44] [45] [46] [47] and monoxides [48] [49] of lead. That is, they have an occupied non-bonding or LP orbital, and a low coordination number of three or four oxygens distributed anisotropically about the lead cation. Such low coordination to oxygen is associated with a larger degree of covalency in the Pb-O bonds and these types of [PbO m ] units (m~3-4) are conducive to the formation of a glass network. 50 Rapid twin-roller quenching has recently been used to prepare lead silicate glasses with up to 83 mol% PbO, 23 which is well beyond the conventional glass-forming limit of 67 mol% PbO, at which the silicate network is completely depolymerised into monomeric Q 0 species ([SiO 4 ] 4-anions). For lead silicate glasses to form beyond this limit, there must be a Pb-O based plumbite subnetwork containing 'plumbite' oxygen atoms bonded only to Pb 2+ , and PbO is therefore considered as an intermediate oxide, between glass-modifying and glass-forming oxides. 51 There is evidence from both x-ray photoelectron [28] [29] (XPS) and 29 Si MAS NMR [22] [23] spectroscopies that plumbite oxygens exist in lead silicate glasses from as little as 50 mol% PbO.
The occurrence of glasses with PbO contents beyond the conventional glass-forming limit raises the important fundamental structural question of how the [PbO m ] polyhedra connect together to form the plumbite subnetwork, and in particular how the LPs are arranged; simplistically one might expect an avoidance of close proximity between these centres of negative charge. On the basis of a Reverse Monte Carlo (RMC) simulation of x-ray and neutron diffraction data for lead silicate glasses containing 34, 50 and 65 mol% PbO, 12, 15 it has recently been concluded that lead silicate glasses contain a large amount of 'free volume', in comparison to sodium or calcium silicate glasses. However, the role of the stereochemically active electron lone-pairs on the Pb 2+ ions, particularly in relation to the free volume, was not considered. A different structural model for lead silicate glasses has been proposed by Takaishi et al., 14 in which the Pb cations are present predominantly as PbO 3 trigonal pyramids, which are interconnected by edges to form Pb 2 O 4 moieties, and have opposed orientations arising from steric repulsion between their respective electron lone-pairs. Whether or not a three-dimensional space-filling model, with the correct atomic number density, can be constructed based on such motifs was not addressed.
Diffraction is a key experimental technique for the investigation of glass structure, 52 but leadcontaining glass presents particular difficulty due to the very high absorption of x-rays by Pb. This difficulty may be overcome by performing x-ray diffraction using high energy x-rays at a synchrotron source, but the results are very strongly dominated by the contribution from the Pb. Thus an investigation of lead silicate glasses by x-ray diffraction alone is rather insensitive to oxygen and to the silicate part of the network. On the other hand, neutron diffraction is much more sensitive to oxygen in particular, and hence a combined study using both high energy x-ray diffraction and neutron diffraction is much more informative about the detailed glass structure.
In contrast to perfect crystals, no unique solution exists for the structure of an amorphous material, and hence modelling techniques are required to characterise the structure. For example, classical molecular dynamics (MD) has been used to predict the structure of lead silicate glasses. 18, [35] [36] [37] [38] [39] [40] [41] However, all of the interatomic potentials employed are inappropriate for the treatment of the highly polarisable Pb 2+ cation, which interacts anisotropically if the electron lone-pair has p-character and is stereochemically active. 35 An alternative to structure prediction by MD is to use an empirical approach, such as RMC, 53 in which the atoms in a model are moved so as to optimise the agreement with experimental diffraction data. A difficulty of the RMC method is that the simulation results depend on the initial model, so that the final structure is essentially a refinement of the original configuration and still has many of the same topological properties. 54 Instead we have used the related technique of empirical potential structure refinement (EPSR) to investigate the local geometrical arrangement of oxygen about Pb 2+ cations, and also the way in which the [PbO m ] polyhedra interconnect and the corresponding disposition of the electron LPs. In the EPSR approach, the potential between the atoms in the model is adjusted to optimise the agreement with diffraction data, 55 and hence the structural model obtained is less dependent on the assumptions used to form the initial model. For example HMO glasses are typified by large infrared transmission windows, low working and glass transformation temperatures, and high refractive indices and higher order electric susceptibilities due to the large polarisabilities and hyperpolarisabilities of heavy-metal cations. Hence HMO glasses find application as low loss fibres, glass solders, and NLO materials, as well as radiation shields and hosts for scintillating inclusions. 1 We report a combined high energy x-ray diffraction and neutron diffraction study of the structure of a glass of composition 80PbO.20SiO 2 , made by rapid twin-roller quenching. 56 This composition is chosen to be near to the high PbO limit for glass formation by this method, and the results obtained are complementary to the multispectroscopic results obtained by Feller et al. 23 for lead silicate glasses with a wide range of composition, which are sensitive to the silicate subnetwork, but do not provide information on the disposition of the LPs.
Experimental

Glass Preparation and Characterisation
Powders of PbO (Aldrich, 99.9+ %) and SiO 2 (Aldrich, 99.6 %) were mixed in quantities to yield 10 g batches of glass with a PbO:SiO 2 molar ratio of 4:1. The mixtures were placed in pure platinum crucibles in an electric furnace held at 1000 o C for 20 minutes. After this period, the mass loss was recorded and the crucibles replaced into the furnace for an additional 10 minutes. The liquids were vitrified using rapid twin-roller quenching (estimated cooling rate  10 5 K/s). 57 The resultant flakes of translucent glass were yellow-gold in colour.
Density measurements (Table 1) were made using helium gas in a Quantachrome Micropycnometer and glass composition was measured using energy dispersive x-ray spectroscopy (EDX) in a Zeiss SUPRA 55-VP FEG SEM operating at an accelerating voltage of 20 kV. Glass composition was estimated in several additional ways (Table 1) : i) from PbO mass loss during melting, ii) by extrapolating from literature density values, [58] [59] iii) by requiring that the Si-O coordination number measured by neutron diffraction (ND) be 3.96 ± 0.05, in accord with the value measured for vitreous silica (see ESI). All methods indicate a slightly lower PbO content than nominal, likely due to volatilisation of PbO from the melt. The ND derived glass composition of 79.5 ± 0.5 mol% PbO will be used in all subsequent analyses. EDX also ruled out significant levels (> 0.5 at.%) of impurity.
X-ray Diffraction
Wiggler beamline BW5 60 on the synchrotron radiation source DORIS III, HASYLAB at DESY, was used
for an x-ray diffraction measurement of the powdered glass, which was held inside a 1.5 mm diameter silica glass capillary (20 μm wall thickness). Measurements of an empty capillary and the empty instrument were made to allow removal of background scattering. The x-ray energy of 84.768 keV (wavelength 0.14626 Å), was optimised so as to minimise the photoelectric absorption cross-section whilst avoiding fluorescence associated with the Pb K-edge at 88.0045 keV. 61 Use of such high energy x-rays also makes accessible a large maximum scattering vector magnitude,
, at the maximum scattering angle of 32.0 o . Data were collected in three angular ranges using different attenuators between sample and detector, owing to the form factor dependence of x-ray signal, and to ensure that the count rate in the Ge detector did not greatly exceed 5 x 10 4 counts per second. All sets of data were combined after omission of bad points, dead-time correction, normalisation to the incident beam monitor counts, correction for the geometrical arrangement of the detector and sample and scaling as required for datasets for which different levels of in-beam attenuation were used. A very small irregularity in the diffraction pattern at 3.85 Å -1 is attributed to a crystallite, possibly of β-PbO 49 (the (131) reflection), and was neglected during analysis. A vitreous silica standard was also measured, see ESI.
Neutron Diffraction
A time-of-flight neutron diffraction measurement was made using the GEM 62 
Structure Refinement
Empirical potential structure refinement (EPSR) 63 is a method for generating physically reasonable atomistic models of condensed amorphous systems which are consistent with total scattering measurements. It is related to the RMC 53 method, but distinct in that it is based on a Monte Carlo simulation using interatomic pair-potentials, with the constraints from the diffraction data imposed as a perturbation on the starting reference potentials. The various constraints that must be imposed during RMC modelling in order to ensure physically plausible models are therefore naturally included in EPSR by way of the reference potential. Here four different models are derived, using slightly different reference potentials, and will be referred to for simplicity as the: i) ionic model; ii) lone-pair model; iii) Q 0 model; and iv) Q 0 + lone-pair model.
All four employ reference potentials consisting of standard Lennard-Jones plus Coulomb terms, but the lone-pair models have the Pb introduced as pseudomolecular entities (dipoles), as a crude means of representing a stereochemically active LP of electrons on all Pb sites. The Q 0 models have a minimum distance of approach [64] [65] for Si-Si pairs set at 3.5 Å in order to force complete depolymerisation of the silicate part of the glass network. Table 2 lists the parameters of the potentials used, and the Lennard-Jones well depths and radii follow from the Lorentz-Berthelot mixing rules: ε ij = (ε i ε j ) 1/2 and σ ij = (σ i + σ j )/2. A prime has been used to denote the fact that the parameters for the Pb atom must be modified in the presence of the lone-pair. The Pb'-LP separation was set at r Pb'LP = 1.0 Å, as calculated for α-PbO by lone-pair localisation methods. [66] [67] This was held essentially constant by setting the coefficient of the intramolecular potential energy [68] [69] to a large value (1 x 10 8 Å -1 a.m.u.
), whilst setting the Pb' and LP masses to be equal, to maximise the reduced mass. In addition, minimum distances of approach were set [64] [65] ) configurations of the models as they fluctuate about the final equilibrium energy, at which the scattering cross-sections of model and experiment are in good agreement. The maximum allowed amplitude of the empirical potential was 210 kJ mol -1 , in the ionic and Q 0 models, and 164 kJ mol -1 in the lone-pair models.
Results
Distinct Scattering and Correlation Functions
The program GudrunX [71] [72] was used to correct the x-ray data for the effects of polarisation, absorption and multiple scattering, removal of backgrounds, normalisation using the Krogh-Moe (r) shows a peak at  2.42 Å which is assigned to longer Pb-O bonds. Although fitting of multiple symmetric distributions to a clearly asymmetric Pb-O bond length distribution is somewhat arbitrary, it provides a convenient means for its characterisation, and the average coordination numbers calculated from the fits can be summed to give a total N PbO and hence N OPb . The four bond length distributions derived from T N (r), suitably weighted and broadened for x-rays, were then subtracted from T X (r), revealing a third contribution to the Pb-O distribution, centred at  2.65 Å. This was readily resolvable from the extremely low weighted O-O pair term in the x-ray case, and was then finally adjusted by allowing its parameters to vary in order to best fit T N (r). T X (r) in the region of its strongest peak at  3.72 Å is strongly dominated by the Pb-Pb term and hence this peak was fitted solely in terms of Pb-Pb distances (neglecting all other terms, including Pb-Si and Pb-O, as supported by the crystal simulation, Fig. 3 , see below). The results of the fitting are summarised in Table 3 and illustrated in Fig. 3 .
Glass Structure Models
The four EPSR derived glass structure models all yielded good fits to the diffraction data, 63 with Rfactors (Table 4) close to 2 x 10 -3
. The fits are shown in Figs 4, S5 and S6 and Table 4 lists the total energies of the models, showing that the energy is significantly lowered by the introduction of the lone-pairs (Pb'-LP dipoles). Fig. 4 compares the ionic and lone-pair model interference functions to those measured by x-ray and neutron diffraction. The weighted partial pair interference functions are also displayed, clearly demonstrating the negligible contribution, to the x-ray signal, of terms not containing Pb and the extremely small contribution from the Si-Si terms to both x-ray and neutron diffraction patterns. The main difference between the ionic and lone-pair models is visible in the O-O pair term, particularly for Q < 16 Å -1
. This is manifest in the g OO (r), Fig. 5 , as a deviation between the two model distributions at separations beyond the first (intratetrahedral [SiO 4 ]) peak, and is interpreted in terms of a modification of the local structure about the Pb atoms, due to LP interactions.
Comparison to Crystalline Pb 11 Si 3 O 17
It is useful to compare the structure of crystalline Pb 11 Si 3 O 17 45 which is close in composition (78.57 mol% PbO) to the glass. The large unit cell, which contains 22 distinct Pb sites, makes for a particularly rich comparison. The T R (r) simulated for the crystal using the XTAL program, 78 along with the appropriately weighted partial pair correlation functions, are shown in Fig. 3 . They have been broadened with the same real-space resolution functions as for the experimental results, and for the effects of thermal motion using the RMS deviations in interatomic distances, <u ij 2 > 1/2 , obtained by peak fitting (Table 3) , with a constant value <u ij 2 > 1/2 = 0.15 Å applied at larger distances in the cases where the nearest neighbour value for <u ij 2 > 1/2 is less than 0.15 Å. These are approximations which typically lead to over broadening of the nearest neighbour peaks if significant static disorder is present in the crystal structure, such as for the Si-O peak, Fig. 3 .
Discussion
High lead oxide glass studies
We consider the present structural study to be important, in that the 80 mol% PbO lead silicate has the highest lead content (at.%) of any oxide glass studied to date, and is well beyond the conventional glass-forming limit of 66. 
Short Range Order
Several key points can be made regarding the peak fit parameters, Table 3 . Firstly, the data are consistent with Si species which are four-fold coordinated to oxygen. The average N PbO = 3.77(2) is close to four, whilst showing a distribution of bond lengths, similar to Pb 11 Si 3 O 17 45 (see Fig. 3 ). This is in contrast to α-PbO, 48 , but with a broad shoulder spanning the obtuse angle region. This is remarkably similar to the distribution in the crystal Pb 11 Fig. 6 , which shows part of a single model configuration, confirms that Pb atoms are highly off-centred within their coordination polyhedra, and that these polyhedra display a distribution of different distortions compared to ideal square or trigonal pyramids. It is also apparent (Fig. 6) 4 ] pyramids which share all of their edges, and within which voids are manifest as extended two-dimensional layers (Fig. 6 ).
The first peak in g OO (r) (Fig. 5) at about 2.67 Å arises from [SiO 4 ] tetrahedra, whilst the second peak, at  3.0 to 3.1 Å, corresponds to intrapolyhedral O-O distances within the [PbO m ]. The latter peak is at a shorter distance in the lone-pair model, demonstrating that the polarisation of the Pb'-LP moieties acts to push the oxygen atoms bonded to the Pb atom closer together than in the ionic and Q 0 models, in accord with VSEPR [86] [87] [88] theory. This is manifest in the difference between the O-Pb-O BADs of the four models (Fig. 7) , where the lone-pair results in a larger proportion of smaller bond angles, and hence a more well defined [PbO m ] local geometry. There are striking differences between the O-Pb-O BADs in Fig. 7 and that extracted by Kohara et al., 15 by RMC, for a lead silicate glass containing 65 mol% PbO. The RMC derived O-Pb-O BAD is broader, extending from 50 to 180 o , with a poorly defined peak close to 60 o . Despite differences in glass composition between the two studies, this is suggestive that RMC and EPSR are capable of deriving qualitatively different models that are both consistent with the same diffraction data sets; although we note that the real-space resolution of our neutron diffraction data is higher. We plan to extend our study in the future to allow a more direct comparison between models for glasses of the same compositions. A point in favour of the EPSR approach is the qualitative similarity between the O-Pb-O BADs of the model glass and the crystal Pb 11 Si 3 O 17 . 45 The model Pb-O-Pb BADs are also similar to this crystal (Fig. 7) . The mean Pb-O-Pb angles ( (Table 5) , although slightly broader. Therefore it is likely that the distribution of [OSi p Pb q ] species in the models are also similar to those of the crystal (Table S2 , ESI). Fig. 8 shows the LP-LP partial pair correlation function, g LPLP (r), and the nearest neighbour LP-LP distance at 2.85 Å is significantly lower than that for Pb'-Pb' at 3.68 Å. Hence one can infer a net 'effective attractive interaction' between the negative poles of the Pb'-LP dipoles. In fact, if one decorates the α-PbO 48 crystal structure with lone-pairs (Fig. 6 ) by lone-pair localisation methods, [66] [67] one obtains a nearest neighbour distance r LPLP = 2.88 Å, corresponding to the distance between the lone-pairs which fill the interlayer spaces of the crystal. Since the only LP-LP interaction term defined by the reference potential during modelling was the repulsive Coulomb term, the 'effective attractive interaction' is a direct consequence of the packing requirements of the system under the specified density and the constraints arising from the other pairwise interactions, including attractive ('intermolecular') Pb-LP forces. It is not imposed by the diffraction data via the empirical potential because it is observed in the Monte Carlo simulations performed prior to the introduction of the data (Fig. 8) and empirical potential refinement. Hence we conclude that the free volume found in RMC models of lead silicate glasses by Kohara et al. 15 arises as a result of stereochemically active lone-pairs in the glasses. Notably, the voids visible in Fig. 6 , within the lone-pair model, are less apparent in the ionic and Q 0 models. , dimers only, and it is the large Si-O-Si bond angles of the dimers that comprise the BAD shown in Fig. 7 . The large proportion of smaller bond angles in the ionic and lone-pair models of the glass is indicative of more highly polymerised silicate units. The reason for their existence is discussed in the following section, and was the motivation behind the derivation of the depolymerised models.
Although the O-X-O and
Si Q-speciation and the uniqueness of the models
A problem with empirical modelling based on diffraction data occurs when a given species is sufficiently dilute that some or all of its contributions to the distinct scattering are negligible with respect to other terms. This is the case for the Si-Si pair term (Fig. 1 ) of the high lead silicate glass, and is compounded by the relatively small atomic number and neutron scattering length of Si. Fig. 4 clearly illustrates the fact that the Si-Si terms are negligible for both radiation types. The result is that the functions S SiSi (Q) and g SiSi (r) are effectively constrained only indirectly by the diffraction data, and their structure arises primarily from the constraints of the average density and, in the case of EPSR, the reference potentials. Hence S SiSi (Q) and g SiSi (r) are the most poorly determined pair terms.
A commonly discussed feature of the intermediate range order in silicate glasses is the Q n species distribution, where n is the number of bridging oxygen atoms about a Si, or, equivalently, the nearest neighbour Si-Si coordination number. 29 Si MAS NMR has had a tremendous impact in this field, since it is possible to estimate the Q-species distribution from the chemical shift distribution of the spectrum. This technique has been applied to a series of lead silicate glasses, 23 made in the same manner as that reported here, and allows for an independent test of the empirically derived glass structure models. Table 5 gives the Si-Si coordination number distributions (CNDs) of the models, alongside the equivalent values derived from 29 Si MAS NMR. 23 It is clear that the ionic and lone-pair models are over-polymerised with respect to the interpretation of the NMR data, and this in turn implies that a larger fraction of oxygen is contained within the plumbite subnetwork of the models than is indicated by the NMR measurements on the glass. It is these "plumbite oxygens" which provide strong evidence for a plumbite subnetwork, i.e. regions of the glass in which the connectivity involves only lead and oxygen. The abundance of these oxygen species is intrinsically linked with the number of bridging oxygen atoms, and overpolymerisation of the silicate network naturally leads to an overestimation of the plumbite oxygen fraction. This is clear in the O-Si coordination number distributions of Table 5 where it can be seen that the (close to) complete depolymerisation enforced in the Q 0 and Q 0 + LP models results in a smaller plumbite oxygen fraction (oxygen bonded to zero silicon atoms) as compared to the ionic and lone-pair models, and better agreement with the values derived from Kohara et al. 15 derived an RMC model of a lead silicate glass with 65 mol% PbO which is underpolymerised compared to 29 Si MAS NMR data 14, [22] [23] on glasses of the same composition. Interatomic potentials play no part in the RMC method, and hence it would appear that the over-polymerisation of the EPSR models occurs as a result of Si clustering under the influence of the interatomic potentials. This situation requires addressing, in both RMC and EPSR cases, and work is underway to improve the models by introducing reference potential terms which act to drive them toward the experimentally determined Q n species distributions. In the Q 0 and Q 0 + LP models, this was achieved, using a crude but effective means, by forcing Si-Si pairs to be at least 3.5 Å apart. The result is that the vast majority (97.9(7) %) of silicate anions exist as Q 0 monomers (Table 5 , ESI   Fig. S7 ). The remaining 2.1(7) % are present as Q 1 dimers with large Si-O-Si bond angles, Fig. 7 . The fact that models with different Q n species distributions have similar R-factors (Table 4) demonstrates the non-uniqueness of the model fits to the diffraction data, and emphasises the insensitivity of the diffraction data to Si-Si correlations. However, it is important to note the robustness of other features, particularly the Pb-O and Pb-Pb partial pair distribution functions (Fig. 5 ) and the O-Pb-O and Pb-O-Pb BADs (Fig. 7) . Comparing the ionic model to the Q 0 model (Fig 5 and Table 5 ) shows that the distributions of short (< 2.7 Å) Pb-O bonds and coordination numbers are unaffected, whilst subtle changes occur within the longer (2.7 < r < 3.27 Å) bond length region, which effectively compensate for the changes visible in the O-O term, resulting in slightly higher Pb-O coordination in this region. Other changes concomitant with the change in Q-species distribution (ESI equations S16 to S18) occur in the O-X CNDs ( Table 5 , ESI Fig. S7 ) and in the Pb-Si pair distribution (Fig. 5) , with the depolymerisation of the silicate anions resulting in a higher Pb-Si nearest neighbour coordination number.
Intermediate Range Order
The first sharp diffraction peak (FSDP) is a consequence of ordering on length scales beyond nearest neighbour correlations. The distinct x-ray and neutron scattering functions ( , which is much more clearly evident in i N (Q). Table 6 lists the positions and widths of the two peaks extracted by fitting of Lorentzian lineshapes 89 to their leading edges, along with their associated periodicities and correlation lengths. It is clear from Fig. 4 that the FSDP arises predominantly from Pb-Pb separations, and that the periodicity of 3.08(2) Å can be related to that of the x-ray T X (r) (Fig 2) , which is dominated by the Pb-Pb partial correlation function (Fig. 5) . The extent of the real-space oscillations, implied by the large correlation length of 19.6(6) Å, is most clearly evident in Fig. S8 of the ESI which shows
(r) out to 30 Å. Table 6 also lists the parameters of the FSDP of vitreous silica, 89 which has a larger periodicity (4.11(5) Å) and a shorter correlation length (10.0(3) Å) associated with it. Therefore the plumbite glass network is characterised by greater medium range order compared to the silicate network (of pure SiO 2 glass). This appears to be a consequence of the compact nature of the plumbite network, which is characterised by high oxygen-cation coordination numbers, significant edge-sharing of [PbO m ] units and the presence of sterically active electron lonepairs which organise to create voids in the glass network, see Fig. 6 . These voids are typically separated by single chains or layers of the plumbite network, with similar character (LP organisation) to regions found within the related crystalline materials.
A pre-peak similar to that observed here has previously been observed by neutron diffraction from high lead (≥ 50 mol% PbO) silicate glasses, [10] [11] [12] [14] [15] lying at approximately 1.2 Å -1
, as well as from high lead aluminate 80 and gallate [81] [82] glasses. The partial structure factors extracted by modelling (Fig. 4 , feature, and hence we conclude that it arises from the broad distribution of nearest-neighbour distances between dispersed silicate anions, presumably those which are separated by chains or layers of the plumbite network. The pre-peak has a longer periodicity than for the lower lead silicate glasses that have been studied previously, [10] [11] [12] [14] [15] which is consistent with the more dilute silicate anions having, on average, a larger separation. This average silicate anion-anion separation can be calculated from glass density, ρ 0 , the atomic fraction of silicon, c Si , and the Q n distribution, giving Interrogation of the ionic and lone-pair models, reveals that most (87 %) Pb atoms have a Si atom within 4.2 Å (ESI Fig. S7 ) and rising to 93 % in the Q 0 model (ESI, Fig. S7 ). Considering the overestimation of the numbers of bridging (Si-O-Si) and plumbite (Pb-O-Pb q ) oxygen in the former two models, it is conceivable that at least one Si is required within the nearest neighbour cation shell around each Pb to help stabilise the supercooled melt against crystallisation.
The limit of glass formation in the PbO-SiO 2 system?
If there were no plumbite oxygens and no plumbite subnetwork, then the limit of glass formation would be 66.7 mol% PbO, at which composition all oxygens are non-bridging and all silicate anions are Q 0 monomers. Since lead silicate glasses form beyond this limit, this raises the question of what is it that limits glass formation, and similarly, why does a pure PbO glass not form? It is, however, important to note that the limit of glass formation is not a precisely defined composition, because it depends on the glass preparation method, and there are conflicting reports of the limit. For the rapid twin-roller quenching method used to prepare our sample the limit of glass formation is around 83 mol% PbO. 23 On the one hand, Bansal and Doremus have given the upper limit of glass formation by normal quenching as 74 mol% PbO 90 and Mazurin et al. have similarly given the upper limit as 75 mol% PbO, 91 whilst on the other hand Kohara et al. 15 state that it is well known that glasses can be formed up to 90 mol% PbO. There is a claim in the literature of glass formation at 96 mol% PbO, 84 but this is almost certainly not reliable (see ESI S1). There is also a report of glass formation at 91.2 mol% PbO, 85 although the refractive index and density reported imply a much lower PbO content. The SciGlass database [58] [59] does not give any other reports of glass formation or properties for more than 75 mol% PbO, but gives many reports for compositions of 75 mol% PbO and less. One of the reasons for differing reports of the high PbO limit for glass formation is that it depends on the glass preparation method; different preparation methods have different quench rates, and a glass can only be formed if the quench rate is rapid in comparison with the timescales involved in the crystallisation process. Thus it is worthwhile to consider the factors which may limit or promote glass formation, even though the exact limit is not known reliably.
It should be noted that the silicate subnetwork retains some degree of polymerisation right up to 83 mol% PbO, 23 and therefore the number of oxygens bonded only to Pb is not minimised (as in the 100% Q 0 case). This can be envisaged as an equilibrium between Pb-O-Si links and a mix of Pb-O-Pb and Si-O-Si links. The presence of Pb-O-Pb entities is related to the presence of edge-sharing [PbO m ] polyhedra, increasing the fraction of which will ultimately destabilise glass formation, the fully edgeshared PbO crystals being the limiting case. The broad distribution of local Pb environments also plays a role, similar to the distribution of Si-O-Si bond and torsion angles in SiO 2 glass, providing flexibility to allow for disordered network formation. Thus it seems that sufficient corner-sharing and local Pb environment disorder, combined with silicate anions with a (relatively) broad Q species distribution, are required to hinder crystallisation kinetics and allow glass formation. Notably, MgOSiO 2 glasses can be formed right up to the conventional glass forming limit of 66.7 mol% MgO, [92] [93] using containerless levitation techniques, and, at 66.7 mol% MgO, are more highly polymerised [94] [95] than the stoichiometric mineral enstatite, which is purely Q 0 . Another example is the Li 2 O-SiO 2 system, for which glass formation has been observed almost up to the orthosilicate (66.7 mol% M 2 O) composition, at which point a degree of silicate anion polymerisation remains. 96 Recently, however, it has been demonstrated that a purely Q 0 glass can be obtained, 97 for aerodynamically levitated 72(Ca 0.5 Mg 0.5 O).28SiO 2 . In this case the structural and topological frustration required to prevent crystallisation comes not from a distribution of Q species, but from the dissimilarity of the Ca 2+ and Mg 2+ cations. On this basis alone one would not expect a purely Q 0 lead silicate glass to form, but it is interesting to consider the possibility of using aerodynamic levitation to increase the accessible glass-forming range. Foreseeable problems with this include the volatilisation of lead from the molten droplet, and the necessity for careful control of the redox conditions to prevent formation of metallic or tetravalent lead.
Conclusions
A glass of composition 80PbO.20SiO 2 can be formed by rapid roller-quenching. Contributions to the stabilisation of the glass come from the presence of: (i) a distribution of Q n silicon species; (ii) a distribution of different [PbO m ] pyramidal units and (iii) a plumbite subnetwork with a mix of corner and edge-sharing. The practical limit to glass-formation may occur when the fraction of edge-sharing becomes too large to support a random network.
Introduction of Pb into some of the structural models as dipolar entities, to represent the electron lone-pair on Pb 2+ , demonstrates that the lone-pairs organise to create voids within the glass network, just as in crystalline materials, such as α-PbO, 48 where lone-pairs occupy interlayer spaces, with nearest neighbour distance 2.88 Å, the same as that found for the models of the glass (2.85 Å).
The distributions of coordination numbers and bond angles (O-Pb-O and Pb-O-Pb) in 80PbO.20SiO 2 glass, obtained by empirical potential structure refinements of neutron and x-ray diffraction patterns, provide strong evidence for structural similarity to related crystalline compounds. These include primarily the lead silicate Pb 11 Si 3 O 17 45 and, to a lesser extent, the α and β polymorphs of lead monoxide, all of which contain Pb at the apex of pyramidal polyhedra, and O at the centre of tetrahedron-like geometries, owing to the significant p-character and hence stereochemical activity of the Pb electron lone-pair.
Four structural models could be derived, with similarly good agreement with the diffraction data, but with appreciable differences in structure. This highlights the need for care when drawing conclusions from such analyses. What is more, the models show qualitative differences to published results 15 on lead silicate glasses (containing less Pb) using reverse Monte Carlo modelling. In particular, the O-Pb-O bond angle distributions are more highly structured as a result of the use of interatomic potentials in the present study, showing greater similarity to the distributions in the aforementioned crystalline systems.
The contribution from Si-Si pairs to the diffraction pattern is negligible, in the case of both neutrons and x-rays, due to dilution and small scattering factors. This leads to an overpolymerised silicate subnetwork in unconstrained models, as compared to 29 Si MAS NMR results. Models which reproduce the diffraction data at least equally well, were derived, within which the silicate anions were forced to completely depolymerise into monomeric [SiO 4 ] 4-units, and hence the robustness of the conclusions regarding the plumbite part of the network demonstrated. Work is underway to incorporate more sophisticated constraints from 29 Si MAS NMR to drive the models toward the correct Q n speciations. The same bond length cut-offs apply as in Table 5 , with only the shorter (< 2.7 Å) Pb-O bonds included. In colour online. 
